Abstract: Data rate of optical camera communication is limited by low frame rate of the CMOS image sensor, so that multilevel modulation is required to improve its data rate. However, transmission performance may decrease with varying transmission distance between LED and image sensor due to nonlinearity occurred by saturation of received optical power. In this paper, we propose gamma function based signal compensation to overcome the nonlinearity and improve the performance of multilevel transmission. As an experimental demonstration, we transmitted maximum 16 pulse amplitude modulation signal and achieved data rate of 199.78 kb/s and symbol error rate (SER) under using the image sensor of 99.89 kfps with the transmission distance of 250 cm.
Introduction
In recent days, development and distribution of light emitting diode (LED) give rise to the concept of visible light communication (VLC) [1] . VLC system has various advantages such as immunity to the electromagnetic interference, unregulated bandwidth, low power consumption, etc. In spite of the great advantages, VLC system still has some restrictions to commercialize. Most VLC system adopts photodiode as a receiver, so that it requires additional receiver module to receive visible light signal. Furthermore, its narrow field of view (FOV) and large interference with the natural light limits its usage to the indoor wireless communication. In this reason, optical camera communication (OCC) system, which adopts CMOS image sensor as the receiver, has great attention [2] - [4] .
The image sensor has great advantages for optical wireless communication (OWC) system. Its structure of multi-pixel array of photodiodes and optical lens obtains wide FOV and robustness to other optical interferences. Moreover, the image sensor is widely used in various smart devices, vehicles, and surveillance cameras. However, even with these advantages, OCC system is still limited to low data rate because of low frame rate of the image sensor itself. Several researches are introduced to increase date rate using rolling shutter effect of CMOS image sensor [5] , [6] , wavelength division multiplexing (WDM) [7] - [9] , multi input multi output (MIMO) system [10] , [11] , and multi-level modulation [12] , [13] . To achieve higher data rate, multi-level modulation is essential, and higher order modulation technique is required. However, multi-level modulation technique has some difficulties in real scenario. The image sensor is generally used in mobile devices, such as mobile phone camera and black box camera in vehicles. Therefore, OCC system is assumed to be used in mobile environment, and varying transmission distance is significant problem. When the transmission distance between LED and image sensor varies, the transmission performance of multi-level signal decreases. Because of high sensitivity of the image sensor, saturation of received optical power occurs and causes nonlinearity of the received signal, which decreases the resolution of high-level symbols and degrades the transmission performance.
In this paper, we propose gamma function based pre-and post-compensation technique to overcome nonlinearity of OCC and improve the performance of multi-level modulation system. Using the proposed technique, the resolution of multi-level signal is improved and higher order modulation can be supported in OCC system. In the experimental demonstration, the achieved symbol error rate (SER) is maintained under 3.5 × 10 −4 , even in 16 pulse amplitude modulation (PAM) signal in 250 cm of transmission distance. The achieved maximum data rate is 199.78 kbps using 16 PAM signal with 99.89 kfps image sensor.
Nonlinearity in Multi-Level Modulation
The image sensor is developed to take a photograph by receiving reflected light. Thus, it is designed with highly sensitive sensors to resolve low optical power. This characteristic causes saturation of received optical power in line of sight condition for receiving optical wireless signal from LED, which deteriorates transmission performance in OCC system. When the transmission distance increases, region and power of received optical signal in captured image decrease. Therefore, the portion of saturation region increases, and the resolution of high-level symbols decreases. Even though signals are generated and modulated linearly as shown in Fig. 1 In low order modulation signal, the eye is clearly opened, and signal can be demodulated as shown in Fig. 1(a) . As the modulation order increases, the saturation in the image sensor makes the resolution between high-level signal decrease. Thus, the eyes are closed, and high order modulation signal can not be demodulated. We propose the gamma function based compensation technique to overcome this nonlinearity to support multi-level modulation robust to varying transmission distance in OCC system.
Gamma Function Based Compensation
As shown in Fig. 1 , distance between low-level symbols is large, and distance between high-level symbols is small. To linearize this nonlinearity, we adopt gamma function, which is widely used in image signal processing. The gamma function is given by
where x(t) represents a compensated signal, s(t) represents a modulated multi-level signal, and γ is the gamma factor. The different distances between low-level symbols and high-level symbols become similar with the gamma factor lager than 1. We apply the gamma function based precompensation to the transmitted signal and post-compensation to the received signal as shown in Fig. 2 . The resolution of received signal decreases due to saturation in the image sensor, so that transmitted signal should be compensated before transmission to achieve sufficient resolution from captured images. The post-compensation is also required to modify remain nonlinearity caused by varying transmission distance. However, single gamma function can not sufficiently compensate the distortion of received signal.
High-level symbols have equal distance but, on the contrary, low-level symbols have insufficient distance as shown in Fig. 3 . This is because received optical power decreases with transmission distance. When the received optical power decreases, low-level symbols become unsaturated in captured images, even high-level symbols are still saturated. Therefore, low-level symbols and high-level symbols show different response, so that each area requires different gamma factors to compensate. The modified compensation function is where γ high and γ low are different gamma factors for high-level symbols and low-level symbols classified with reference level s r . The compensation coefficient a is adopted for low-level compensation function to make high-level and low-level symbols be continuous. Fig. 4 shows experimental setup to demonstrate proposed gamma function based compensation with varying transmission distance. Pre-compensated multi-level signal is generated by MATLAB and transferred to the arbitrary waveform generator (AWG). The commercial white LED is used for the transmitter and global shutter based CMOS image sensor (LUX330-EVS32) is used for the receiver.
Experiments and Results

Experiment Setup
The frame rate of the image sensor is 99.89 kfps, and exposure time is set to 1 us. The ISO value of the image sensor is set to 100. The window size of the received images is reduced to 16 × 16 from the original resolution of 640 × 512 by region of interest (ROI) function to achieve high frame rate, and the received signal is extracted by averaging entire pixels in the captured images. We transmit 4 PAM, 8 PAM, and 16 PAM signals with compensation and without compensation to analyze the performance. Oversampling for received signal is minimized, with factor of 2, to achieve maximum data rate of 99.89 kbps, 149.84 kbps, and 199.78 kbps, respectively. The transmission distance changes from 100 cm to 250 cm with the interval of 50 cm for the demonstration. Eyediagram analysis and symbol error rate (SER) estimation are performed to analyze the performance of proposed compensation technique.
SER Analysis
Because of high signal to noise ratio (SNR) of experimental environment, counting errors of received data requires large number of samples. In this work, we perform SER calculation with probability density function (PDF) to analyze transmission performance [13] . 20,000 images are captured with oversampling factor of 2 to maximize data rate, so that 10,000 samples are used for SER calculation. Gaussian noise figure is adopted due to dominant quantum noise in OWC system. The calculated SER is expressed as
where r k is the kth received signal, p (r k ) and p (e|r k ) are the probability of transmitting r k and errors given r k is transmitted, and M is total number of samples. th k low and th k up are lower and upper threshold for decision of k th signal, m k is the average, and σ k is the standard deviation.
Optimization
To support broadcast system in OCC, pre-compensated signal should be fixed for various transmission distance. Therefore, optimization process is required to set the pre-compensated signal. Optimizations are performed for the gamma factors, compensation coefficient, and the reference level. For the optimization, we set reference experiment to get mean distribution in symbols, which transmits 16 PAM signal at 200 cm. Optimization is progressed in three process to achieve sufficient distance between every symbol levels. The process is consist of setting the reference level to separate high-level symbols and low-level symbols, optimizing the gamma factor for high-level symbols, and optimizing the gamma factor and the compensation coefficient for low-level symbols, respectively. The reference level is set to the point where the saturation in captured image causes uncertain distribution in high-level symbols. Fig. 5 shows eye-diagrams with different gamma factors. As the gamma factor increases the distance between high-level symbols changes, and the gamma factor of 1.6 can achieve equal distance. For the low-level symbols, the modified gamma factor and compensation coefficient are 1.3 and 0.91, respectively, to obtain mean distribution in symbols. The experimental demonstration and analysis are performed with pre-compensation by these optimized factors. The reference level for post-compensation is sent to the receiver with training symbols. When the signal is received, the reference level is extracted and defined from training symbols, and post-compensation is done with calibration for each received signal. Fig. 6 is eye-diagrams of received signal with compensation for multi-level modulation at 200 cm. Without compensation, eyes are not clear, and high-level symbols can not be distinguishable (see Fig. 1 ). In contrast, the transmission performance is greatly improved with clear eyes and equally distributed multi-level symbols by proposed compensation technique.
Experiment Results
To analyze how much the performance is improved, the SER estimation is performed. The estimated results are illustrated in Fig. 7 . In low order modulation, the SER of 4 PAM signal is very low without compensation. The eyes of 4 PAM signal is clear and every symbol levels can be distinguishable, even the nonlinearity occurs as shown in Fig. 1 . However, as the modulation order increases, nonlinearity greatly affects the transmission performance, and the SER becomes worse. The SER is over 2 × 10 −3 of 6.3% forward-error-correction threshold at 250 cm of transmission distance. Therefore, transmission performance can not be guaranteed with varying transmission distance. The SER of the received signal with compensation is greatly improved. The SERs of various transmission distance satisfy FEC limit even in high order modulation of 16 PAM signal. In this work, experimental demonstration is performed up to 250 cm, and the estimated SER is less than 3.5 × 10 −4 as shown in Fig. 7 . Even though we used particular image sensor for this demonstration, the nonlinearity problem can caused by varying transmission distance for any other image sensors such as mobile phone camera. The proposed technique can also be employed in rolling shutter based mobile phone camera communication with simple digital signal processing to improve transmission performance in mobile environment. Thus, proposed compensation technique is essential to improve data rate with multi-level modulation where OCC is used in distance variant optical wireless communication. 
Conclusion
We have proposed the gamma function based compensation technique for multi-level signal transmission robust to varying transmission distance in OCC system. The saturation in the image sensor causes nonlinearity and difficulties in multi-level modulation, which is necessary to improve data rate in OCC system. The nonlinearity problems can be resolved by proposed compensation technique, and evenly distributed symbol level can be achieved in multi-level signal. In the experimental demonstration, we have achieved the SER less than with the maximum data rate of 199.78 kbps for 16 PAM signal transmission using 99.89 kfps image sensor. Thus, we believe that the proposed gamma function based compensation technique will be very useful for improving data rate of OCC applications including vehicle to everything (V2X) and other mobile wireless connections.
